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Available online 3 April 2014AbstractThe finite segment method is used to model the line throwing rocket system. A dynamic model of line throwing rocket with flight motion
based on Kane’s method is presented by the kinematics description of the system and the consideration of the forces acting on the system. The
experiment designed according to the parameters of the dynamic model is made. The simulation and experiment results, such as range, velocity
and flight time, are compared and analyzed. The simulation results are basically agreed with the test data, which shows that the flight motion of
the line throwing rocket can be predicted by the dynamic model. A theoretical model and guide for the further research on the disturbance of
rope and the guidance, flight control of line throwing rocket are provided by the dynamic modeling.
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Currently, the effective way is to transport the emergency
supplies, equipment and personnel to the other side by heli-
copters [1,2] and form an air bridge by thrown rope [3e5] in
disaster emergency rescue operations when roads and bridges
are heavily damaged. However, sometimes the rescue opera-
tion is influenced by weather and turbulence in the mountains
and canyons, so helicopter cannot be used for transportation.
Limited helicopter rescue is difficult to meet the demand of
large-scale rescue; while the throwing range of line throwing
rescue equipment at home and abroad is short, and its impact* Corresponding author. College of Field Engineering, PLA University of
Science and Technology, Nanjing, China.
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and goods across. Therefore, these ways cannot form long-
distance air bridge and ferry personnel and goods across in
disaster emergency rescue operations when serious natural
disasters, such as earthquake and floods, occurred. A
precision-guided line throwing rocket studied in this paper
overcome these shortcomings. It can send the rope to the other
side quickly and accurately in complex geographical condi-
tions so that an air bridge is formed in a short time. At present,
the research on the complex flight dynamics of rocket with
rope is less. According to Kane’s method [6e11], a finite
segment model [12,13] for rope of line throwing rocket was
used in this paper, then the flying process was simulated and
experimented.
2. Dynamic modeling of line throwing rocket2.1. AssumptionExactly speaking, the motion of line throwing rocket is
three-dimensional, and the rope is a continuous system. OnlyElsevier B.V. All rights reserved.
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of line throwing rocket completely and accurately. But it is
quite difficult to simplify the motion of line throwing rocket,
and reveal the basic rules and characteristics of the motion of
line throwing rocket. Here, the following assumptions are
made: the sideslip angle of rocket is 0, the motions of rocket
and rope are in a plumb plane with flight direction, and the
weather conditions are standard without wind and rain. The
rope is divided into a number of discrete segments [14e19],
and the elongation and bending of rope in the axial direction are
not considered. The advantages of the discrete model are that
the computer programming is easy, and the numerical solution
and large-scale differential equations are easy to be deal with.
The coordinate system shown in Fig. 1 is an inertial coor-
dinate system. The launch point is defined as the origin of
coordinates. X axis is along the rocket flight direction and is
locally parallel to the ‘ground’. Y axis is vertical to the
‘ground’.Fig. 1. Simplified model.The whole system is located in the XOY plane, and is in a
planar motion. The rocket is simplified as a mass point, and
the rope is divided into n arbitrary segments in accordance
with the finite segment method, wherein the length of each
segments is li and the last segment is variable-length and
variable-mass segment. The labels from the rocket pulled
segment to the ground segment are 1,2,3,.,n. It is assumed
that the mass of each rope segment mainly distributes on end
of the segment further from the rocket and the different sec-
tions are connected by hinges without considerations on the
elongation and bending of rope in the axial direction. When
the rope is pulled out and the length of the last segment is
changed till it fits the setting condition, a new rope segment
nþ 1 will be pulled out.2.2. Kinematics analysis
2.2.1. Position analysis
Assuming that the position of rocket in the inertial frame at
time t is [x0(t), y0(t)]
0, and the angle between the ith rope
segment and Y axis is qi(t). The rocket position [x0(t), y0(t)]
0,
and the angle between each line segment and Y axis qi(t), are
defined as the generalized coordinates. There are totally nþ 2generalized coordinates. Then the position of each rope
segment is

xiðtÞ
yiðtÞ

¼

xi1ðtÞ  lisin qiðtÞ
yi1ðtÞ  licos qiðtÞ

i¼ 1;2;.;n ð1Þ
2.2.2. Velocity analysis
The velocity is produced by derivation of the position of the
rocket and each rope segment. If _qiðtÞ ¼ uiðtÞ, the velocity of
rocket is ½ _x0ðtÞ; _y0ðtÞ0, and the velocity of the intensive mass
point on each rope segment is

_xiðtÞ
_yiðtÞ

¼

_xi1ðtÞ  licosqiðtÞu1ðtÞ
_yi1ðtÞ þ lisinqiðtÞu1ðtÞ

i¼ 1;2;.;n ð2Þ
2.2.3. Partial velocity analysis
The partial velocity of each rope segment can be obtained
from the generalized velocity
uij ¼

0
0

i < j; j  n
1
0

j ¼ nþ 1
0
1

j ¼ nþ 2licos qiðtÞ
lisin qiðtÞ

i j
8>>>>>>><
>>>>>>:
ð3Þ
The derivation of the partial velocity is shown below:
_uij ¼

0
0

i < j
lisinqiðtÞuiðtÞ
licosqiðtÞuiðtÞ

i j
8>><
>>:
ð4Þ
2.2.4. Acceleration analysis
The acceleration can be produced by the derivation of ve-
locity of the rocket and each rope segment, and the acceler-
ations of rocket and each rope segment are
ai ¼
Xnþ1
j¼0
uij€qj þ _uij _qj i¼ 0;1;2;.;n ð5Þ
where _qj is the jth generalized velocity; and €qj is the derivative
of jth generalized velocity.2.3. Dynamic analysisAssuming that the active force acting on rocket and each
rope segment is fzi, i ¼ 0; 1; 2; :::; n, and the matrix formulation
is fz.
2.3.1. Generalized active force
According to the Kane’s method, the generalized active
force of the jth generalized coordinates is
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Xn
i¼1
fzi  uij j ¼ 1;2;.;nþ 2 ð6Þ
The generalized active force of the whole system is
Fl¼ u0fz ð7Þ
2.3.2. Generalized inertial force Fl*
According to the Kane’s method, the generalized inertial
force of the jth generalized coordinates is
Flj ¼
Xn
i¼1
miai$uij ¼
Xn
i¼1
mi

uij€qj þ _uij _qj

$uij j
¼ 1;2; :::;nþ 2 ð8Þ
The generalized inertial force of the whole system is
Fl ¼ u0Mu€q u0M _u _q ð9Þ
where u, _q and €q are the matrix formulations of uij, _qj, €qj, u
0 is
the transpose matrix of u, M ¼ diag½m0;m1;.;mn.2.4. Dynamics equationFig. 2. Flow chart of calculation.According to the Kane’s equation
Flþ Fl ¼ 0 ð10Þ
Putting Eq. (9) into Eq. (10), we have:
Fl u0Mu€q u0M _u _q¼ 0 ð11Þ
By transposition,
u0Mu€q¼ Fl u0M _u _q ð12Þ
Eq. (12) can be rewritten as
A€q¼ fl ð13Þ
where A ¼ u0Mu, fl ¼ Fl u0M _u _q.
Eq. (13) includes nþ 2 equations and totally nþ 2 vari-
ables. The kinematic parameters of rocket and rope sections
can be obtained.2.5. Calculation programThe calculation program is shown in Fig. 2.
3. Comparison of simulation results and experiment
results
A rocket is taken for example, where the length, diameter
and total weight of rocket are 1 m, 122 mm and 20 kg,
respectively, the gunpowder weight is 2.33 kg, the total im-
pulse of rocket is 4770 N s, the working time of engine is
0.43 s, the linear density of rope is 0.043 kg/m, each rope
section is taken as 1 m, and the emission angles are 30 and
40. The simulation and experimental conditions are no wind
and no rain. The simulation and experimental results are
compared. The test setup is shown in Fig. 3.Data comparisons of simulation results and experimental
results can be seen in Tables 1 and 2. The range, maximum
velocity, and flight time obtained by simulation and test at the
launch angle of 30 are listed in Table 1. It can be seen from
Table 1 that the range measured in simulation experiment is
7.2 larger than the test data, and the relative error is 1.13%; the
maximum velocity in simulation calculation is 7.1 larger than
the measured test data, and the relative error is 3.4%; the flight
time in simulation is 0.5 less than the test data.
The range, maximum velocity and flight time obtained by
simulation and test at the launch angle of 40 are listed in
Table 2. It can be seen from Table 2 that the range in
simulation is 10.1 larger than the test data, the relative error
is 1.6%; the maximum velocity in simulation calculation is
7.2 larger than the measured test data, and the relative error is
3.5%; the flight time in simulation is 0.6 less than the test
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when the launch angle is changed to 40, the range and the
maximum velocity all get smaller, and the flight time get
longer.Fig. 3. Set of the experiment. (a) Schematic diagram of setup. (b) Set of
experiment.
Table 1
Comparison of simulation and experimental results at launch angle of 30.
Parameter Range/m Maximum velocity/(m$s1) Flight time/s
Simulation result 637.1 206.6 8.1
Test result 629.9 199.5 8.6
Absolute error 7.2 7.1 0.5
Table 2
Comparison of simulation and experimental results at launch angle of 40.
Parameter Range/m Maximum velocity/(m$s1) Flight time/s
Simulation result 631 206.1 9.1
Test result 620.9 198.9 9.7
Absolute error 10.1 7.2 0.6
Fig. 4. Curves of simulation and experimental velocities at launch angle of
30.
Fig. 5. Curves of Simulation and experiment Velocities at launch angle of 40.
Table 3
Comparison of simulation and experimental results at launch angle of 30.
Parameter Range/m Maximum velocity/(m$s1) Flight time/s
Simulation result 762.2 202 10.3
Test result 777.6 212 11.2
Absolute error 15.4 10 0.9The velocities of rocket measured by radar and obtained by
simulation at the launch angle of 30 are shown in Fig. 4. It
can be seen from Fig. 4 that the maximum velocity measured
in the test is 199.5 m/s, the calculated maximum velocity is
206.6 m/s after the engine stopped work; at 1 s, 2 s, 3 s and
4 s, the test velocities are 154.3 m/s, 99.3 m/s, 73.8 m/s and
60.5 m/s, and the calculated velocities are 158.7 m/s, 98.9 m/s,
70.3 m/s and 58.5 m/s. The absolute errors are 2.8%, 0.4%,
5.0% and 3.4% with the average value of 2.9%.
The velocities of rocket measured by radar and obtained by
simulation at the launch angle of 40 are shown in Fig. 5. It
can bee seen from Fig. 5 that the maximum velocity measured
by the test is 198.9 m/s, the calculated maximum velocity is
206.1 m/s after the engine stopped work; at 1 s, 2 s, 3 s and
4 s, the test velocities are 151.3 m/s, 103.2 m/s, 76.1 m/s and58.1 m/s, and the calculated velocities are 159.9 m/s, 100.5 m/
s, 71.4 m/s and 59.4 m/s. The absolute errors are 5.4%, 2.7%,
6.6% and 2.2% with the average value of 4.2%.
To further validate the model, the line density of rope is
changed into 0.023 kg/m, the experiments are taken at the
launch angles of 30 and 50, and the other conditions remain
unchanged.
The range, maximum velocity, and flight time of the new
rope obtained by simulation and test at the launch angles of 30
and 50 are shown in Tables 3 and 4. By comparing Table 3
with Table 4, we can find that the range gets longer, the
maximum velocity gets faster and the flight time gets longer
when the line density of rope decreases. It can be seen from
Table 4 that the simulated results are not in well agreement
with the experiment data. It is because that many random
factors exist in the experiment, and the two-dimensional
model is a simplified model, which cannot give an accurate
calculation.
Table 4
Comparison of simulation and experimental results at launch angle of 50.
Parameter Range/m Maximum velocity/(m$s1) Flight time/s
Simulation result 774 201 14.7
Test result 653.4 213 17.9
Absolute error 110.6 12 3.2
153W.B. GU et al. / Defence Technology 10 (2014) 149e153The velocities of rocket with new rope measured by radar
and obtained by simulation at the launch angles of 30 and 50
are shown in Figs. 6 and 7.Fig. 6. Curve of simulation and experiment velocities at launch angle of 30.
Fig. 7. Curves of simulation and experiment velocities at launch angle of 50.It can be seen from the above data comparison that the rope
characteristics and the launch angle are the important factors
affecting the range, maximum velocity and flight time of line
throwing rocket. The simulation results are basically close to
the experimental results. The discrete model can approxi-
mately describe the motion of line throwing rocket when the
length of segment is small enough.
4. Conclusions
The finite segment method was used to model the rope, and
the kinematics parameters of line throwing rocket were
analyzed based on Kane’s method. A dynamics model of line
throwing rocket with flight was developed. The simulation
results are consistent with experimental data. The dynamicsmodel reveals the basic rules and characteristics of the motion
of line throwing rocket, and it is theoretically significant for
the further study on the disturbance of rope as well as the
guidance and flight control of line throwing rocket.
The dynamics model is a two-dimensional model of the
ideal case, without considering the effects of weather con-
ditions, rope characteristics and other factors. In the further
study, we will establish a three-dimensional model,
describing the motion of line throwing rocket completely and
accurately.
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